Bioactive glasses have attractive characteristics as a scaffold material for healing bone defects but their brittle mechanical response, particularly in bending, is a concern. Recent studies have shown that coating the external surface of strong porous bioactive glass (13-93) scaffolds with an adherent biodegradable polymer layer can significantly improve their load-bearing capacity and work of fracture, resulting in a non-brittle mechanical response. In the present study, finite element modeling (FEM) was used to analyze the mechanical response in four-point bending of composites composed of a porous glass scaffold and an adherent polymer surface layer. The glass scaffold with a cylindrical geometry (diameter = 4.2 mm; porosity = 20%) was composed of randomly arranged unidirectional fibers (diameter 200-700 µm) that were bonded at their contact points. The thickness of the polymer layer was 500 µm. By analyzing the stresses in the individual glass fibers, the simulations can account for the main trends in the observed mechanical response of practical composites with a similar architecture composed of a bioactive glass (13-93) scaffold and an adherent polylactic acid surface layer. These FEM simulations could play a useful role in designing bioactive glass composites with improved mechanical properties.
Introduction
Bioactive glasses have attractive properties as a scaffold material for healing bone defects [1] [2] [3] [4] . Bioactive glasses react with the body fluids and convert to hydroxyapatite which leads to the formation of a strong bond at the interface with bone and soft tissue. The release of ions during the conversion of bioactive glasses to hydroxyapatite has been shown to stimulate osteogenic and angiogenic gene expression of cells and stimulate bone and soft tissue healing. Bioactive glasses can be formed using conventional and additive manufacturing methods into porous three-dimensional (3D) scaffolds with the requisite architecture to support tissue infiltration and angiogenesis. On the other hand, porous bioactive glass scaffolds are brittle and often have a low strength which limit their mechanical reliability in vivo [5, 6] .
The ability to moderate the brittle catastrophic failure of porous bioactive glass scaffolds is desirable to alleviate concerns about their mechanical response in vivo, particularly for healing structural bone defects. As shown for porous bioceramic scaffolds [7] [8] [9] [10] , coating the external and internal surface of porous bioactive glass scaffolds with a biodegradable polymer such as polylactic acid (PLA) or polycaprolactone (PCL) can have a strong effect on their mechanical response [6, [11] [12] [13] . The strength and, in particular, the work of fracture of these polymercoated bioactive glass scaffolds have shown considerable increases over the uncoated scaffolds due to crack bridging and crack healing mechanisms enabled by the polymer coating [6, 11] . The work of fracture, defined as the total energy consumed in creating unit area of fracture surface during complete fracture, is taken as a measure of toughness when comparing materials within a given group. It is often determined from the area under the stress versus deformation curve in a given testing model (compression; bending). Both weak bioactive glass scaffolds (with a strength comparable to, or lower than that of human tra- becular bone) [11] and strong scaffolds (with a strength comparable to that of human cortical bone) [14, 15] have shown a considerable increase in their flexural strength and work of fracture, coupled with a non-brittle mechanical response when coated with a biodegradable polymer. Figure 1 shows an example of the effect of an adherent PLA surface layer (∼ 500 µm) on the mechanical response in four-point bending of a bioactive glass fiber scaffold with a cylindrical geometry (porosity ∼ 20%; 4.2 mm in diameter × 60 mm) which was composed of thermally bonded glass fibers (200-700 µm in diameter) [16] . The glass fiber scaffold showed a typical brittle mechanical response, with a flexural strength~50 MPa and sudden failure with < 0.1 mm deflection. In comparison, the PLAcoated glass fiber scaffold had a dramatically different response. The load-bearing capacity, defined as the stress at the first peak of the load versus deflection curve, was 2.5 times higher and when the test was terminated (2 mm deflection), the work of fracture was ∼ 100 times larger. When the mechanical test was terminated (determined by the capacity of the four-point bending fixture), the composite still maintained its integrity instead of shattering into several pieces during the test. The load versus deflection curve showed several discontinuities (peaks and valleys) which were caused by the progressive failure of individual glass fibers (or individual groups of fibers). Moreover, the highest load reached at each peak remained at approximately the same level as the first peak, indicating that although a higher tensile stress was generated in the neighboring fibers due to failure of one or more fibers, the composite was still able to support a considerable load and avoid catastrophic failure with increasing deformation. The higher load-bearing capacity and the significant increase in the work of fracture of the composite, when compared to the glass scaffold alone, were presumably due to the crack healing and crack bridging function of the PLA layer. Following initiation of a crack in the glass scaffold, the outermost glass fibers could still support a considerable load (crack healing) and the composite could maintain its overall integrity (crack bridging). Consequently, the load-bearing capacity and the work of fracture of the bioactive glass-PLA composite were significantly improved when compared to the glass scaffold alone.
The objective of the present study was to simulate the mechanical response in four-point bending of model composites with the geometry and architecture corresponding to those of the experimental scaffold shown in Figure 1 . Finite element modeling (FEM) was used to analyze the stress in the individual glass filaments of the scaffold and in the adherent polymer surface layer when the composite was subjected to an applied load. The effect of progressive failure of individual glass fibers on the mechanical response of the composite was studied using similar composite structures and removing a small segment (10 µm) from selected individual fibers to simulate a cracked fiber.
Methods
Five different composite structures, consisting of a cylindrical glass scaffold composed of unidirectional fibers and an adherent polymer surface layer, were analyzed (Figure 2a) . The glass fibers of diameter 200-700 µm were bonded at their contact points. The total porosity (∼ 20%) and cylindrical geometry (4.2 mm in diameter × 60 mm) of the glass scaffold, and the spatial arrangement of the fibers in the plane perpendicular to the fiber orientation (Figure 2b) were designed to match those in the typical composite shown in Figure 1 . The polymer surface layer had a thickness of 500 µm. Model composites with the same scaffold geometry but with a uniform fiber diameter (550 µm) were also analyzed for comparison ( Figure 2c ). As the experimental bioactive glass scaffold alone (without a polymer layer) showed a brittle mechanical response typical of glass, the main purpose of the FEM simulations was to elucidate the marked difference in mechanical response due to the polymer layer ( Figure 1c) . Consequently, the FEM simulations focused on the composite system composed of the bioactive glass scaffold and an adherent polymer layer.
To simulate the effect of progressive failure of individual glass fibers on the stress in the remaining fibers, model composites were analyzed in which the scaffold contained a single or multiple broken fibers. A broken fiber was modeled by removing a segment (10 µm) from the middle region of the fiber. In general, the broken fibers were situated at the bottom-most part of the glass scaffold where the stress in four-point bending tests was expected to be the highest (filaments labeled 1, 2 and 3 in Figure 2b ). Finite element simulations were carried out using ABAQUS/CAE 6.14-1 software (Dassault Systems Simulia Corp., Providence, RI). All the configurations were analyzed in four-point bending with an inner span of 20 mm and outer span of 40 mm (Figure 3 ). The glass fibers and polymer layer were each assumed to be composed of a dense homogeneous material. The glass fibers were assigned a Young's modulus of 70 GPa and a Poisson's ratio of 0.25, values which are comparable to those for a silicate glass [17] . The polymer layer was assigned a Young's modulus of 0.65 GPa and a Poisson's ratio of 0.36, values used in a previous study [14] . In the experimental scaffold, the glass fibers are thermally bonded to form the glass scaffold, so initially, the fibers have perfect bonding at their contact surfaces. Consequently, initial perfect bonding at the contact surfaces of the fibers was assumed in the FEM simulations. The contact area between the fibers was approximated from scanning electron microscope (SEM) images of the experimental glass scaffold. As the glass fibers in the experimental scaffold are bonded together, they can transfer load (stress/strain) through the contact areas. The polymer layer was assumed to have an elastic response. As no delamination of the polymer layer was observed in four-point bending tests of the experimental scaffold, in the FEM simulations the polymer layer was also assumed to be perfectly bonded to the glass scaffold surface, without any delamination under flexural loading. Four rigid cylinders with a diameter of 2 mm were generated to simulate the fixture used in four-point bending tests (Figure 3 ). The cylinders were in contact with the polymer layer from the beginning of the simulations. The contact between the cylinders and the polymer layer was assumed to be hard (no interpenetration between the materials) and frictionless.
All the models were partitioned into several parts in order to improve the meshing and apply proper boundary conditions. The mesh size was less than 20 µm with a curvature control of 0.025, and quadratic hexahedral elements were used. The mesh size was determined by convergence tests as it provided a good balance between computing time and accuracy. Each model contained~1. 4 × 10 6 elements. The middle of the cross section perpendicular to the x axis was fixed at the x axis direction (U1 = 0) to prevent the composite from sliding along the x axis direction during bending. Similarly, U2 = 0 was applied on the middle of the cross section perpendicular to the y axis to prevent the composite from sliding along the y axis direction. The two lower cylinders of the fixture were fixed in all directions (U1 = U2 = U3 = 0), and an evenly distributed load of 100 N was applied to the two upper cylinders. Quasistatic simulations with adaptive time stepping (instead of a single time-step) was used. The time step size was allowed to vary between 1 × 10 −5 to 1 second for convergence, and up to 100 iterations for each time step was allowed. A desktop computer with 16 CPU cores and 128 GB of RAM was used for the simulation. A typical CPU time to complete a simulation was~2 h. As a brittle material, glass can withstand much higher stresses in compression than in tension. Consequently, the highest tensile stress within the inner span of the model was used as the primary parameter in the load-carrying capacity analysis.
Results
The deformation in four-point bending of a composite scaffold composed of glass fibers of varying diameter (200-700 µm) surrounded by a 500 µm thick layer of polymer is shown in Figure 4a . The deformation of the composite scaffold was magnified 5 times (scale factor = 5) for ease of observation. Similar deformation profiles were found for the other composites analyzed. The tensile stress distribution in the cross section (perpendicular to the y axis) of the scaffold is shown in Figure 4b . Negative tensile stress was found in the upper part of the composite as it was in compression during bending. The highest tensile stress was present in the glass fibers at the bottom-most region of the composite. Therefore, particular attention was paid to differences in the magnitude and distribution of the tensile stress in the bottom-most glass fibers of the various models.
The magnitude and distribution of the tensile stress in the glass fibers in the middle of the bottom region of the composite are shown in Figure 5 for glass scaffolds composed of fibers with a random distribution of diameters (200-700 µm) (designated RD) and for glass scaffolds with a uniform fiber diameter of 550 µm (designated UD). The different mesh densities in the cross section of the fibers in Figure 5a and Figure 5b were necessary to maintain curvature and uniform mesh size. The highest tensile stresses in the glass fibers of the two groups of composites were approximately the same; for example, the tensile stress in the fiber #1 was 1.7 MPa and 1.8 MPa, respectively, in the RD and UD composites. This indicates that for scaffolds with the same porosity and architecture, the fiber diameter distribution had little effect on the load bearing capacity of the scaffold. Subsequently, only glass scaffolds with the random distribution of fiber diameters were used in the FEM simulations because they better correspond to the practical situation.
In the simulations for composite scaffolds with a single broken glass fiber (Figure 6 ), the presence of a broken fiber, such as the fiber designated #1, can lead to stress transfer to neighboring fibers, such as fibers #2 and #3 in Figure 6 . This resulted in a higher tensile stress in these fibers, as shown from different angles in Figure 6b and c. The detailed stress distribution along x, y and z cutting planes showed that the tensile stress was not just at the surface but it also went into the cross section of the fiber. When fiber #2 was broken, the tensile stress in both fiber #4 and fiber #1 increased but the tensile stress in fiber #1 was higher than that in fiber #4 (Figure 6d and e). One reason for the higher stress in fiber #1 might be that this fiber is closer to the bottom-most part of the glass scaffold and, consequently, its deformation is expected to be larger than that of fiber #4. Similarly, the tensile stress in fiber #1 was higher than that in fiber #5 when fiber #3 was broken (Figure 6f, 6g) . The tensile stress found in fiber #1 in this case was the highest for all the fibers in the three groups analyzed which contained an individual broken fiber. As fiber #3 has the largest diameter among the 5 selected fibers, fracture of this fiber will lead to the highest load transfer to neighboring fibers which results in the highest tensile stress in fiber #1 (Figure 6f ).
In the simulations for composite scaffolds with multiple broken glass fibers (Figure 7) , the tensile stress in the neighboring fibers continued to increase as the number of broken fibers increased. For the structure in which fibers #1 and #2 were broken, the tensile stress in fibers #3 and #4 increased by ∼ 100% (Figure 7b and c) when compared to the tensile stress in the structure when they were intact (Figure 7a) . Similarly, for the structure in which fibers #1 and #3 were broken, the tensile stress in the neighboring fibers (fibers #2 and #5) also increased significantly (Figure 7d and 7e) . The tensile stress in #2 fiber reached a value of 3.5 × 10 8 Pa which exceeded the maximum stress in the color scale in Figure 7d (and is shown in white). The highest tensile stress in the neighboring fibers increased further when the structure contained three broken fibers (fibers #1, #2 and #3) (Figure 7f, 7g) . In this case, the tensile stress in fiber #4 (4 × 10 8 Pa) also exceeded the maximum stress in the color scale and is shown in white (Figure 7f ). The tensile stress in selected glass fibers, determined from the predictions in Figures 6 and 7 , are summarized in Figure 8 for composites in which the glass scaffold contained zero, 1, 2 and 3 broken fibers.
Discussion
In four-point bending, the highest tensile stress is present at the bottom-most region of the composite where the deformation is largest. As the glass fibers are assumed to have no flaws in the FEM simulations, a fiber will fail when the tensile stress in the fiber exceeds its tensile fracture strength. The simulations show that for composites composed of a glass scaffold and an adherent polymer surface layer, the failure of one or more fibers at the bottom-most region of the scaffold leads to stress transfer and, thus, to an increase in the tensile stress of the neighboring fibers ( Figure 8 ). The increase in stress in the neighboring fibers due to failure of one or more fibers varied from~30% tõ 100%, depending on the position, diameter and number of fibers that failed. In general, the stress in the neighboring fibers was higher when the diameter of the failed fiber was larger.
In practice, glass typically contains surface flaws such as pores and microcracks which can serve as stress concentrators and reduce the load-bearing capacity of the glass. The failure of a glass fiber in the scaffold would lead to a decrease in the load-bearing capacity of the composite. The load that was carried by the fiber prior to its failure is transferred to adjacent fibers which results in a higher tensile stress in these fibers. In general, the first fiber to fail is expected to be the fiber that is subjected to the highest stress or the fiber with the lowest tensile strength (the fiber with the largest flaw).
In the bioactive glass scaffold without the PLA layer coating, the individual glass fibers are expected to have a similar distribution of flaws and flaw sizes. Consequently, Figure 6 : Magnitude and distribution of the tensile stress in glass fibers at the mid-point of the bottom part of the composite for composites composed of a glass scaffold with a random distribution of fiber diameters (RD) in which all the fibers were intact (a) and for individually broken fibers (b) to (g). The broken fibers follow from the numbered fibers given in (a); the third column in (b) to (g) shows the detailed stress distribution along x, y and z cutting planes; the scale on the left gives the maximum principal stress (in Pa) corresponding to specific colors. once the tensile stress is high enough to initiate a crack, the crack could rapidly propagate through the whole structure, resulting in catastrophic brittle facture. In comparison, the adherent PLA layer in the composite can provide a crack healing mechanism for the outermost glass fibers and a crack bridging mechanism for the composite structure [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Failure of the first glass fiber leads to a reduction in the load-bearing capacity of the composite and to load transfer to the neighboring fibers. Consequently, with further deformation, the load-bearing capacity of the composite could increase again if the neighboring fibers had a larger diameter or a smaller deformation due to their location in the scaffold.
The composite scaffold evaluated in the present study is composed of a cylindrical bioactive glass scaffold of thermally bonded fibers and an adherent polymer layer on its circumferential surface ( Figure 1 and Figure 2 ). This geometry is particularly relevant to implants for structural (loaded) bone repair, such as healing segmental defects in the long bones of the limbs. Key requirements for implants in these applications include a combination of mechanical properties (particularly in compression and bending) comparable with human cortical bone to support physiologic loads and bioactivity to support bone infiltration and integration with host bone. In bending, the highest tensile stress is present at the external surface. Consequently, coating the external surface alone can lead to healing of the flaws at the surface and to an improvement in flexural strength. In long-bone repair, bone infiltration is predominantly in the axial direction of the implant. As only the external (circumferential) surface of the glass scaffold is coated with the adherent polymer layer, the surface of the internal pores is available to degrade, release ions and stimulate bone infiltration into the scaffold. An alternative composite system can be formed by coating the entire surface (external surface and internal pore surface) of the thermally-bonded glass-fiber scaffold with a polymer layer [11] [12] [13] but this could reduce the bioactive potential of the composite scaffold. Another alternative is to coat each glass fiber with a polymer layer prior to assembling them into a 3D scaffold but this would reduce both the mechanical strength and the bioactivity of the composite scaffold when compared to the composite scaffold described in this study.
